1. Introduction {#sec1-nanomaterials-10-01263}
===============

The predicted increase of the world's energy consumption until 2050 is expected to be almost 50%, due to a higher industrial output, e.g., in the food or metal production sector, which comes with economic growth and an increasing world population \[[@B1-nanomaterials-10-01263]\]. Therefore, there is a rising demand for more efficient and sustainable energy conversion approaches. In this context, fuel cells, which allow the direct conversion of chemical energy into electrical energy, have been studied within the last few decades \[[@B2-nanomaterials-10-01263],[@B3-nanomaterials-10-01263],[@B4-nanomaterials-10-01263],[@B5-nanomaterials-10-01263],[@B6-nanomaterials-10-01263],[@B7-nanomaterials-10-01263],[@B8-nanomaterials-10-01263]\]. The most frequent type of fuel cells is the proton-exchange membrane fuel cell (PEMFC), in which protons are transported from the anode to the cathode through a proton-permeable membrane. The latter is usually made of Nafion, a sulfonated fluoropolymer, or of ionic polymers, which all suffer from high cost and only moderately efficient performance \[[@B9-nanomaterials-10-01263],[@B10-nanomaterials-10-01263]\]. A promising approach to improve fuel cells is the incorporation of proton-conducting crystalline porous materials, such as metal-organic frameworks (MOFs) or coordination polymers, to replace amorphous polymers \[[@B11-nanomaterials-10-01263],[@B12-nanomaterials-10-01263],[@B13-nanomaterials-10-01263],[@B14-nanomaterials-10-01263],[@B15-nanomaterials-10-01263]\]. MOFs are hybrid inorganic--organic compounds, which have been vastly explored for more than two decades. Due to their modular design at the molecular level, a large number of MOFs (close to 70,000 already in 2017 \[[@B16-nanomaterials-10-01263]\]) exist nowadays; they can be further tailored by post-synthetic modification \[[@B17-nanomaterials-10-01263]\]. Their structural characteristics, such as high porosity, large specific surface area, controllable pore size, and well-defined channel systems, open doors to many potential fields of application \[[@B18-nanomaterials-10-01263],[@B19-nanomaterials-10-01263],[@B20-nanomaterials-10-01263],[@B21-nanomaterials-10-01263],[@B22-nanomaterials-10-01263]\].

Co-MOF-74, also known as CPO-27-Co, consist of Co(II) ions that are connected by 2,5-dioxido-1,4-benzenedicarboxylate linkers (Co~2~(dobdc)) \[[@B23-nanomaterials-10-01263],[@B24-nanomaterials-10-01263]\]. The crystal structure (trigonal space group 148, *R*-3) is marked by linear micropores (1.1 nm) with a hexagonal cross section that runs parallel to the *c* axis of the crystals, as verified by sorption uptake studies with in-situ IR microscopy detection \[[@B25-nanomaterials-10-01263]\] (see [Figure 1](#nanomaterials-10-01263-f001){ref-type="fig"}). The Co(II) ion is penta-coordinated by the linkers, and its sixth coordination site is exposed to the interior of the pore channels, usually coordinated by a water molecule. These structural features make Co-MOF-74 a highly interesting system with respect to host--guest interaction, e.g., for catalysis \[[@B26-nanomaterials-10-01263]\], gas adsorption \[[@B27-nanomaterials-10-01263],[@B28-nanomaterials-10-01263]\], or gas sensing \[[@B29-nanomaterials-10-01263]\]. Moreover, water-mediated proton conduction is possible through the channels \[[@B30-nanomaterials-10-01263]\]. Here, we present a fundamental study on the proton conductivity of Co-MOF-74 for potential future utilization in proton-exchange fuel cell membranes. By applying impedance spectroscopy to a single crystal specimen, we investigate the anisotropy of proton conductance, as well as the impact of relative humidity.

2. Materials and Methods {#sec2-nanomaterials-10-01263}
========================

Co-MOF-74 crystals were prepared according to a slightly modified procedure previously published by one of our labs \[[@B29-nanomaterials-10-01263]\]. A total of 750 mg cobalt nitrate hexahydrate (Co(NO~3~)~2~·6H~2~O, 99% Sigma-Aldrich, Taufkirchen, Germany) was dissolved in a 60 mL mixture of EtOH, DMF and H~2~O (1:1:1); afterwards, 144 mg 2,5-dihydroxy-terephthalic acid (DHBDC, 98% Sigma-Aldrich, Taufkirchen, Germany) was added. The suspension was ultrasonicated until the solids were dissolved completely, and subsequently heated to 131 °C for 24 h in a 60 mL Teflon-lined autoclave (Parr Instruments, Fankfurt, Germany). After cooling down to room temperature, the resulting crystals were washed and solvent-exchanged with MeOH. Then, the crystals were dried under reduced pressure and activated under vacuum at 160 °C overnight.

Scanning electron microscopy (SEM) images were obtained with a JEOL JSM-6700F NT microscope at 2 kV acceleration voltage and an emission current of 10 µA. IR spectra of a powder sample were measured with an Agilent Technologies Cary 630 FTIR spectrometer. Raman spectroscopy of single crystals was performed with a Bruker Senterra Raman spectrometer, and a laser excitation wavelength of 532 nm. Temperature-dependent X-ray powder diffraction (XRPD) data at relative humidity of 93% were recorded on a Panalytical Empyrean diffractometer, equipped with a CHC plus+ chamber in a transmittance Bragg--Brentano geometry, employing Cu-radiation. The patterns were recorded in a temperature range of 20--60 °C in 5 °C steps (each followed by a 15 min isothermal step), in the 5--50° 2θ range.

Impedance measurements were carried out with a Solartron SI 1260 Impedance/Gain-Phase Analyzer and a Novocontrol Alpha-A Analyzer. An experimental setup, as described previously by one of our labs, was used \[[@B32-nanomaterials-10-01263]\]. In short, one individual single Co-MOF-74 crystal was placed on an array of interdigitated Pt electrodes (20 μm electrode width and spacing; UST GmbH, Geratal, Germany) inside a custom-built Faraday cage that was placed in an Espec SH-242 climate chamber. The contact area between the crystal and the electrodes was estimated by confocal laser microscopy (Olympus LEXT OLS 3100, Hamburg, Germany), as shown in the [Supplementary Materials section (Figure S1)](#app1-nanomaterials-10-01263){ref-type="app"}. The humidity was controlled by streaming dry N~2~ through a washing bottle containing deionized water using mass flow controllers. Temperature and humidity of the gas stream were verified by a Sensirion SHT2x sensor. The system was allowed to equilibrate for 12 h after each change in temperature and/or humidity.

3. Results and Discussion {#sec3-nanomaterials-10-01263}
=========================

The Co-MOF-74 crystals were characterized by SEM, Raman, and IR spectroscopy. [Figure 2](#nanomaterials-10-01263-f002){ref-type="fig"}a shows the SEM image of an exemplary Co-MOF-74 crystal with a representative length of 550 µm and a width around 100 µm. The Raman spectrum ([Figure 2](#nanomaterials-10-01263-f002){ref-type="fig"}b) is in good accordance with previously published MOF-74 Raman data \[[@B28-nanomaterials-10-01263]\]. The peak at 572 cm^−1^ corresponds to the benzene ring vibration (ring deformation mode), the peak at 818 cm^−1^ can be assigned to the C-H bending in the benzene ring, the peak at 1281 cm^−1^ correlates with the C=O stretching, and the O-C-O stretching of the carboxylate group of the organic linker is situated at 1417 cm^−1^ \[[@B33-nanomaterials-10-01263]\]. [Figure 2](#nanomaterials-10-01263-f002){ref-type="fig"}c shows the IR spectrum, with characteristic peaks at 1401 cm^−1^ and 1546 cm^−1^, corresponding to the symmetric and asymmetric ν(COO) stretching of the carboxylic acid group \[[@B34-nanomaterials-10-01263]\]. The measurement was performed under humid air; therefore, the IR spectrum shows a broad band between 2700 cm^−1^ and 3600 cm^−1^, which can be assigned to adsorbed water.

Hydrothermal stability is one of basic prerequisites regarding potential application of Co-MOF-74 as a proton-conducting material at elevated temperature and under humid conditions. Therefore, we carried out a temperature-resolved powder XRD analysis at a relative humidity of 93%. [Figure 3](#nanomaterials-10-01263-f003){ref-type="fig"} shows that the material is stable under the tested conditions. We did not observe any changes in the peak positions over the studied temperature range of 20--60 °C. The diffraction patterns are consistent with literature data \[[@B25-nanomaterials-10-01263],[@B35-nanomaterials-10-01263]\]. Some minor changes in the intensity of the first diffraction peak at 6.7° can be attributed to the different solvent content (here water) occupancy inside the pores, as also reported for other MOFs \[[@B36-nanomaterials-10-01263],[@B37-nanomaterials-10-01263]\].

The proton conductance of Co-MOF-74 was studied by AC impedance analysis. The real part of the complex impedance *Z* corresponds to the resistance *R*, i.e., the reciprocal conductance. The availability of large single crystals made it possible to investigate the material in form of one single crystal, instead of a powder. This eliminates potential difficulties that arise from grain boundary effects or from the impact of surface-adsorbed water in bulk powder or pressed pellets. Most importantly, single-crystal specimens also offer an opportunity to study the anisotropy of proton conductance \[[@B30-nanomaterials-10-01263],[@B32-nanomaterials-10-01263],[@B38-nanomaterials-10-01263],[@B39-nanomaterials-10-01263],[@B40-nanomaterials-10-01263],[@B41-nanomaterials-10-01263]\]. Prior to measurement, the material was dried and activated at 160 °C, to remove adsorbed molecules from the micropores. A color change from red to black is observed upon activation. This effect is reversible; subsequent exposure to air at room temperature (with ambient humidity) turns the color back to red. This observation is attributed to de-coordination/coordination of water ligands to cobalt at the 'open' coordination site exposed to the interior of the pores \[[@B25-nanomaterials-10-01263]\].

A single crystal was placed on top of an electrode array, as described in the experimental section. It is notable that this method of establishing electrical contact avoids the use of any conductive pastes. [Figure 4](#nanomaterials-10-01263-f004){ref-type="fig"} shows example Nyquist plots of the impedance *Z* (i.e., imaginary part, -Im(*Z*) vs. real part, Re(*Z*); frequency range from 10 Hz to 1 MHz, applied potential of 0.1 V) of a Co-MOF-74 single crystal at a temperature of 25 °C and relative humidity of 92%. The crystal with an elongated shape was placed in two distinct orientations relative to the electrodes, perpendicular and parallel. Hence, the proton resistance *R* was measured both along the direction of the crystallographic *c* axis (blue) and in an orthogonal direction *a* axis (red). The Nyquist plots exhibit depressed semi-arcs in the high frequency range that can be modeled by a circuit equivalent consisting of a resistor and a parallel constant phase element, as depicted in the inset of [Figure 4](#nanomaterials-10-01263-f004){ref-type="fig"}. The fit parameters, as well as plots of both the real and imaginary parts vs. the frequency, are shown in the [Supporting Information section (Table S2 and Figure S3](#app1-nanomaterials-10-01263){ref-type="app"}). Even if the proton conductivity turns out not to reach the values of Nafion \[[@B9-nanomaterials-10-01263],[@B10-nanomaterials-10-01263]\], the data still reveal some interesting findings. A relatively high proton conductivity of *σ* = 123 µS cm^−1^ (calculated by [Equation (S1), Supplementary Materials section](#app1-nanomaterials-10-01263){ref-type="app"}) is observed along the *c* axis, which corresponds to the direction of the micropore channels in MOF-74 \[[@B23-nanomaterials-10-01263]\]. By comparison, the conductivity in the orthogonal direction is only *σ* = 11.7 µS cm^−1^. This is a clear indication that the mobility of the protons is substantially higher along the micropore axis than in the orthogonal direction. [Figure 5](#nanomaterials-10-01263-f005){ref-type="fig"} shows a plot of the (real part of) the conductivity *σ'* versus the frequency *ω*. The graphs each exhibit a plateau region (near-zero slope in log-log representation) in the frequency region up to ca. 10 kHz. This (nearly) frequency-independent region marks the material-intrinsic conductivity, often referred to as 'dc conductivity'. The respective plateau values of *σ'* (ca. 100 µS cm^−1^ along the pore channel axis, ca. 10 µS cm^−1^ in orthogonal direction) correspond to the *σ* values calculated from [Equation (S1)](#app1-nanomaterials-10-01263){ref-type="app"}.

In addition to proton mobility, the protonic conductivity also depends on the number of mobile protons. Since water molecules turn out to be responsible for the proton conduction mechanism (as will be shown below), we varied the relative humidity (r.h.) between 70% and 95%, at 21 °C and 30 °C (along the *c* axis). [Figure 6](#nanomaterials-10-01263-f006){ref-type="fig"} shows a clear impact of humidity; an exponential increase in conductivity (linear increase at logarithmic scale) is observed up to 90% r.h. (data shown in [Table S2, Supplementary Materials section](#app1-nanomaterials-10-01263){ref-type="app"}). The very strong increase at 95% r.h. is likely attributable to the formation of a continuous liquid water phase, either inside or outside the pores (bulk water condensation). This effect would be tantamount to 'short-circuiting' the sample and, therefore, pose a significant risk to the investigation of intrinsic proton conduction in the MOF material. To avoid such a distortion of the measured data, we used a maximum relative humidity of 90% for all other measurements in this study. (A generally higher conductivity is observed at 30 °C than at 21 °C. The impact of the temperature will be discussed in more detail below.) These findings confirm that the presence of water in the micropores of Co-MOF-74 facilitates protonic conductivity, as frequently observed in MOF materials \[[@B30-nanomaterials-10-01263],[@B38-nanomaterials-10-01263],[@B40-nanomaterials-10-01263]\].

To elucidate the mechanism of proton conduction in more detail, we varied the temperature at a constant relative humidity of 90% (data shown in [Table S3, Supplementary Materials section](#app1-nanomaterials-10-01263){ref-type="app"}). This offers an opportunity to determine the activation energy *E~A~* for the proton conduction. The conductivity *σ* is related to the temperature *T* by $$\sigma = \frac{\sigma_{0}}{k_{B}T}~exp~{\lbrack\frac{- E_{A}}{k_{B}T}\rbrack}$$ where *σ*~0~ is a material-specific factor and *k~B~* is the Boltzmann constant \[[@B13-nanomaterials-10-01263]\]. A linear regression of ln(*Tσ*) vs. *T*^−1^ (Arrhenius plot) delivers *E~A~* (from the linear slope), as shown in [Figure 7](#nanomaterials-10-01263-f007){ref-type="fig"}. From the data in the temperature range between 21 °C and 30 °C, an activation energy of *E~A~* = 0.37 eV is obtained for the proton conduction in the direction along the micropore axis (*c* axis), while a higher value of *E~A~* = 0.87 eV is found for the orthogonal direction. Further data were measured in the *c* direction between 30 °C and 60 °C, resulting in *E~A~* = 0.32 eV, although, for these measurements, a different crystal was used. These findings strongly suggest that proton conduction in the direction along the micropore axis occurs by a Grotthuss-type mechanism, involving water molecules inside the micropore channels; this is typically associated with activation energies below ca. 0.4 eV \[[@B13-nanomaterials-10-01263],[@B42-nanomaterials-10-01263]\]. In the orthogonal direction, the higher value of *E~A~* indicates a different mechanism, most likely the diffusion of H~3~O^+^ ions. We assume that such diffusion occurs through surface sorbate layers at the crystal surface, rather than inside the crystal.

4. Conclusions {#sec4-nanomaterials-10-01263}
==============

In summary, we have measured the proton conductivity in Co-MOF-74 single crystals and found a strong anisotropy. High conductivity (123 µS cm^−1^ at 25 °C) with a low activation energy (0.32 eV) is observed along the direction of the micropore axis (crystallographic *c* axis). In the orthogonal direction, lower conductivity (11.7 µS cm^−1^) and a high activation energy (0.87 eV) are measured. The proton conductivity is strongly humidity-dependent. These findings suggest that proton conduction occurs predominantly through the micropore channels and that water molecules in the channels provide a proton-conducting path by a Grotthuss-type mechanism.
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![Crystal structure representation of Co-MOF-74 (Co---blue, C---grey, O---red); view along the crystallographic *c* axis. The structure is shown for the solvent-free state, i.e., the Co centers are penta-coordinated; under ambient conditions (humid air), the sixth coordination sites will be occupied by water ligands. (Crystal structure data taken from ref. \[[@B23-nanomaterials-10-01263]\], CCDC 270293; drawing made with VESTA software \[[@B31-nanomaterials-10-01263]\]).](nanomaterials-10-01263-g001){#nanomaterials-10-01263-f001}

![(**a**) Scanning electron microscopic (SEM) image of a Co-MOF-74 crystal (ca. 0.6 mm length); (**b**) Raman spectrum; (**c**) IR spectrum.](nanomaterials-10-01263-g002){#nanomaterials-10-01263-f002}

![Temperature-resolved powder XRD patterns of Co-MOF-74 (at 93% relative humidity). (**a**) Data range (2*θ*) from 5° to 50°; (**b**) most intense reflections (110 at 6.5°, 300 at 11.6°). Data are shifted vertically for clarity.](nanomaterials-10-01263-g003){#nanomaterials-10-01263-f003}

![(**a**) Example impedance spectra (Nyquist plots) of a single Co-MOF-74 crystal in two different orientations relative to the contacting electrodes (25 °C, 92% r.h.). Measured data are plotted as scattered points; the lines represent fits by the circuit equivalent shown in the inset. (**b**) Photographs of the crystal on top of the interdigitated electrode structure. (Pt electrodes appear as white lines on the green substrate background) and schematic of pore channel orientation.](nanomaterials-10-01263-g004){#nanomaterials-10-01263-f004}

![Real part of the conductivity (*σ'*) as a function of frequency (*ω*) for the same data as in [Figure 4](#nanomaterials-10-01263-f004){ref-type="fig"}.](nanomaterials-10-01263-g005){#nanomaterials-10-01263-f005}

![Proton conductivity of a Co-MOF-74 single crystal along the crystallographic *c* axis at 21 °C and 30 °C. (Lines connecting the data points are drawn as a guide to the eye.).](nanomaterials-10-01263-g006){#nanomaterials-10-01263-f006}

![Arrhenius plots of the temperature-dependent proton conductivity of Co-MOF-74 single crystals along the crystallographic *c* axis and in the orthogonal direction (90% r.h.). The lines show the linear regression.](nanomaterials-10-01263-g007){#nanomaterials-10-01263-f007}
